1. Differential expression of myosin heavy chain (MHC) isoforms dramatically affects mechanical and energetic properties of skeletal muscle fibre types. As many as five different fibre types, each with different mechanical properties, have been reported in frog hindlimb muscles. However, only two frog MHC isoforms have previously been detected by SDS-PAGE and only one adult hindlimb MHC isoform has been cloned. 2. In the present study, four different fibre types (type 1, type 2, type 3 and tonic) were initially identified in adult Rana pipiens anterior tibialis muscle based on myosin ATPase histochemistry, size and location. Each fibre type exhibited unique reactivity to a panel of MHC monoclonal antibodies. Single fibre analysis using SDS-PAGE revealed that MHCs from immunohistochemically defined type 1, type 2 and type 3 fibres ran as three distinct isoform bands, while MHC of tonic fibres co-migrated with type 1 MHC. The combined data from immunohistochemistry and SDS-PAGE suggests that Rana fibre types are composed of four different MHCs. 3. Four novel MHC cDNAs were cloned and expression of the corresponding transcripts was measured in single immuno-identified fibres using specific polymerase chain reaction (PCR) primer pairs. Each of the four transcripts was found to be primarily expressed in a different one of the four fibre types. 4. Coexpression of MHC isoforms was observed only between types 1Ï2 and types 2Ï3 at both the protein and mRNA level. 5. These data provide a molecular basis for differentiation between frog fibre types and permit future molecular studies of MHC structureÏfunction and gene regulation in this classic physiological system. 6. Comparison of sequence homology among amphibian, avian and mammalian MHC families supports the concept of independent evolution of fast MHC genes within vertebrate classes subsequent to the amphibianÏavianÏmammalian radiation.
restricted to skinned preparations, in which the fibre membrane is removed or chemically disrupted. Skinning alters the fibre's mechanical properties, uncouples membrane-associated signalling, alters the structural integrity of some cytoskeletal elements, and permits the loss of soluble intracellular components. In the frog, the use of single living fibres permits study of muscle function in an intact cellular environment. Many contractile characteristics of muscle are defined by the myosin isoforms expressed within the fibres. The myosin molecule exists in skeletal muscle as a hexamer of two myosin heavy chains (MHCs) and four myosin light chains (MLCs), all of which combine to provide a muscle fibre with specific force-and velocity-dependent properties, mechanical power production capabilities, and energetic cost of force production (Curtin & Davies, 1973; Sweeney et al. 1986; Bottinelli et al. 1994) . Thus, MHC composition is an important factor in the overall design of a muscle for producing a specific mechanical output. For example, recent studies of locomotion in frogs suggest that MHC composition may be matched to fibre mechanical gearing and joint moments such that, during locomotion, fibres operate at a velocity where near optimal power is generated (Lutz & Rome, 1994 , 1996a . The close association between MHC isoform expression and muscle function is also demonstrated by studies of muscle plasticity. For instance, MHC expression changes during development (Miller & Stockdale, 1986 ) and exhibits plasticity even in fully differentiated adult muscle in response to conditions such as the state of innervation (Engel, Brooke & Nelson, 1966) , injury by eccentric contraction (Lieber, Schmitz, Mishra & Frid en, 1994) , immobilization (Booth & Kelso, 1973) , and various disease states (Karpati & Engel, 1968) . It is believed that this adaptation represents the muscle's attempt to match its structural composition to the new functional demands (Pette, 1990) . Despite the advantages of the frog single fibre preparation for studies of muscle function, relatively little is known about the MHC isoform composition of amphibian skeletal muscle. Since the pioneering work of Smith & Ovalle (1973) as many as three different twitch fibre types (types 1, 2 and 3) and two slow or tonic fibre types (types 4 and 5) have been recognized in amphibian skeletal muscle. This classification scheme was based on a combination of metabolic, morphological, ultrastructural and physiological properties. The different muscle fibre types possess a wide range of mechanical properties. For instance, in single Xenopus laevis hindlimb muscle fibres, maximum shortening velocity is 10-fold higher in the fastest twitch fibres than in the slowest tonic fibres (L annergren, 1992) . The different mechanical properties have been attributed to different myosin isoforms, based on a combination of isomyosin banding patterns on native-PAGE gels and MLC content on SDS-PAGE gels (L annergren & Hoh, 1984; L annergren, 1987) . However, MHC isoform content cannot be unambiguously determined with this methodology. A detailed and systematic study of fibre types in ranid frog and Xenopus limb muscle using myosin isoform-based criteria has been performed (Rowlerson & Spurway, 1988) . In Rana, the genus most commonly used for functional studies, three twitch fibre types (types 1, 2 and 3) and a tonic type were defined based on myosin-ATPase reactivity and differential reactivity to a panel of MHC monoclonal antibodies. In Xenopus, three twitch fibre types, a tonic type and an additional slow fibre type (L annergren, 1979) were distinguished using the same criteria (Rowlerson & Spurway, 1988) . These data provided strong evidence that the different fibre types in Rana and Xenopus limb muscle contained different MHC isoforms. Despite the indirect evidence that up to five MHC isoforms are present in frog muscle, only two different MHC isoforms have been detected by SDS-PAGE (L annergren, 1987) . In addition, only one adult frog hindlimb MHC has been cloned and its identity was not correlated with a particular fibre type (Radice & Malacinski, 1989) . Therefore, the purpose of the present study was to characterize the MHC composition of the various fibre types in ranid hindlimb muscle at the mRNA and protein level. As the physiology of amphibian fibre types has been previously characterized, a link is established between differential MHC gene expression and the mechanical function of Rana fibre types. A brief version of this work was presented in abstract form (Lutz, Ryan & Lieber 1997 ).
METHODS

Experimental preparation
All experiments were performed on adult male Rana pipiens that were kept in tanks at room temperature and maintained on a diet of live crickets provided twice weekly. Procedures were performed with the approval of the Committee on the Use of Animal Subjects at the University of California and Veterans Affairs Medical Center, San Diego. Frogs were killed by double pithing and anterior tibialis (AT) muscles were removed immediately, snap frozen in liquid nitrogen-cooled isopentane and stored at −80°C. Time from pithing of the frog to tissue freezing was about 5 min. A total of eight muscles from seven different animals were used to generate data on a total of 116 single muscle cells.
Identification of frog fibre types with immunohistochemistry and histochemistry
Serial transverse sections (10 ìm) of frozen AT muscle were cut at −20°C and processed for myofibrillar ATPase activity (mATPase) after acid and alkaline preincubations and for immunoreactivity to a panel of monoclonal MHC antibodies. The mATPase protocol was a modification of the methods of Rowlerson & Spurway (1988 
SDS-PAGE analysis of MHC
MHC isoforms from whole AT muscle and individual freeze-dried fibre segments (see below) were separated by SDS-PAGE. A myofibril-rich fraction of whole AT muscle was prepared based on previous methods (Talmadge & Roy, 1993) but with the addition of pepstatin (10 ìg ml¢), leupeptin (10 ìg ml¢) and phenylmethylsulphonyl fluoride (PMSF; 100 ìÒ) to the isolation solutions. The final pellet was resuspended to give 0·125 ìg protein ìl¢ (BCA protein assay, Pierce, Rockford, IL, USA) in sample buffer consisting of dithiothreitol (DTT; 100 mÒ), SDS (2%), Tris base (80 mÒ) pH 6·8, glycerol (10%) and Bromphenol Blue (1·2% wÏv), and was boiled (2 min) and stored at −80°C for up to 1 month prior to loading on the gel. Single freeze-dried fibres that had been stored in 10 ìl sample buffer for up to 1 week were simply thawed and boiled for 2 min prior to loading the entire volume. Gel components were identical to those used previously for the separation of rat MHCs (Talmadge & Roy, 1993) . Total acrylamide concentration was 4% and 8% in the stacking and resolving gels, respectively (bis-acrylamide, 1:50). Gels (16 cm ² 22 cm, 0·75 mm thick) were run at a constant current of 10 mA until voltage rose to 275 V and thereafter at constant voltage for 21 h at 4-6°C. Silver staining (BioRad, Hercules, CA, USA) was performed according to the manufacturer's protocol except for an additional 40 min of fixation to further remove glycerol and reduce background staining.
Cloning of novel myosin heavy chains
A polymerase chain reaction (PCR)-based strategy was used to isolate novel MHC clones by amplifying MHC mRNA near the 3' end of the gene. This region corresponds to exons 36-41 within the rod portion of light meromyosin (Strehler, Strehler-Page, Perriard, Periasamy & Nadal-Ginard, 1986) . Total RNA was isolated from the AT muscle using the Trizol method (BRL, Grand Island, NY, USA). Total mRNA was reverse transcribed (Superscript II, BRL) to cDNA with oligo-dT as the primer. PCR was performed using one of three upstream primers: (1) FRG-1; a degenerate 18-mer oligo (5'_taccagwcwgargaagac_3') created based on MHC sequence homology across a variety of species at a site •250 bp upstream from the 3' UTR; (2) EB, a degenerate 19-mer oligo (5'_agaaggccaaraargccat_3') based on sequence homology across various mammalian MHCs •600 bp upstream from the 3' UTR; or (3) FC1, a 21-mer oligo (5'_ctgaagaaggagcaggacacc_3') based on sequence conservation across multiple species at •500 bp upstream from the 3' UTR. The downstream PCR primer in all three cases was TW2, a non-specific 24-mer poly-T oligo (5'_gcggatcctttt tttttttttttt_3'), containing a 5' BamHI site included to match the annealing temperature to the upstream primers. PCR products were subcloned and sequenced using standard methods. From the seventeen MHC clones investigated, three distinct MHC clones were obtained using the FRG1-TW2 primer pair and a fourth clone was obtained using the EB-TW2 primer pair. The sequences of the three clones originally isolated using the FRG1-TW2 primer set were subsequently extended to obtain longer sequence information by reverse transcription (RT) and PCR using the primer pairs FC1-TW2 or EB-TW2.
Correlation between MHC and fibre type
To correlate the novel MHCs with the fibre types in which they were expressed, a strategy was used whereby immunohistochemically identified fibre segments were microdissected from freeze-dried transverse sections (60 ìm) and tested for the presence of each of the four MHC clones by RT-PCR (Staron & Pette, 1986) . The protocol involved cutting four serial transverse sections (10 ìm) for immuno-identification of fibre types using a panel of MHC monoclonal antibodies (Table 1) and then cutting a 60 ìm section that was freeze-dried for RT-PCR of isolated single fibres (see below). In other muscles, two consecutive 60 ìm sections were cut and freeze-dried and MHC protein isoform composition of immunoidentified single fibres was determined in the first 60 ìm section by SDS-PAGE and mRNA expression in the same fibre of the next section by RT-PCR.
Novel frog myosin heavy chain transcripts Table 1 . Histochemical and immunohistochemical reactivity of frog muscle fibres
The table shows differential reactivity of frog fibre types for mATPase and MHC monoclonal antibodies in the AT muscle of R. pipiens. The staining for each reaction is scored as either positive (+) or negative (0). Dilutions for the antibodies were as follows: F8, 1:30000; NA8, 1:20000; MHC-S, 1:500; and D5, 1:15, supernatant. The antibodies were all anti-rat except NA8, which was anti-chicken. F8 and D5 were a gift of Professor S. Schiaffino (University of Padua, Italy) and NA8 was a gift of Dr E. Bandman (University of California, Davis, CA, USA). MHC-S was obtained commercially (Vector Laboratories).
Microdissection of single freeze-dried fibres
The 60 ìm transverse sections directly serial to those obtained for immunohistochemistry were freeze dried before storing at −80°C. Prior to use, sections were thawed under vacuum for 1 h and individual immuno-identified single fibre segments were isolated by microdissection with insect pins at room temperature (Staron & Pette, 1986) . The fibre segments were picked up on the tip of a pin and placed in the bottom of a 200 ìl tube within 1 h of exposure to room air. Fibre segments were suspended in either 12·5 ìl of RNAse-free water containing RNAsin (1 U ìl¢) for RT-PCR or 10 ìl of SDS-PAGE sample buffer and frozen immediately in liquid Nµ. Due to the small size of the type 3 and tonic fibres, in 50% of the cases, a pair of fibres of a given immunohistochemical type were placed together into one tube.
Clone-specific RT-PCR
Identification of the presence of the various MHC transcripts in fibre segments was accomplished by creating highly specific PCR primer pairs to amplify each novel MHC transcript without crossamplification. Primer pairs were constructed from regions of low sequence homology between the four clones and were chosen to provide different PCR product lengths for each pair ( Table 2 ). The four primer pairs were matched in optimal PCR annealing temperature so that amplification of all four MHCs within a given sample could be performed during the same PCR run. The PCR solution (100 ìl) contained: PCR buffer (50 mÒ KCl, 10 mÒ TrisHCl, pH 8·3; Perkin Elmer, Foster City, CA, USA), 2·5 mÒ MgClµ, 1·0 ìÒ dNTPs, 0·5 ìÒ each of the upstream and downstream primers and 1·25 units of thermostable DNA polymerase (AmpliTaq gold, Perkin Elmer). To demonstrate primer pair specificity and determine optimal amplification conditions, PCR was performed on plasmid cDNA of each of the four clones (Fig. 2) . Amplification conditions (Perkin Elmer Model 2400 Thermal Cycler) consisted of preactivation of the Taq by heating at 94°C for 10 min. Amplification cycling conditions were: denaturation at 94°C for 30 s followed by primer annealing at 52°C for 1 min and DNA extension at 72°C for 30 s, repeated for 35 cycles followed by a 7 min final extension at 72°C. RT of single freeze-dried fibre segments was performed without prior extraction of total RNA. Due to the small size of type 3 fibres, we performed PCR at both 35 and 45 cycles to test for adequate amplification.
RESULTS
Four fibre types were identified Fibres were initially classified as one of four different types (types 1, 2, 3 or tonic) based on their relative mATPase reactivity, size, and location within the muscle cross-section (Table 1 and Fig. 3 ) according to previous nomenclature for amphibian skeletal muscle (based on similar criteria; Rowlerson & Spurway, 1988) . Under acid preincubation conditions, only the large type 1 fibres and much smaller tonic fibres had significant mATPase activity, whereas after alkaline preincubation only type 2 fibres showed significant activity. Type 3 fibres had mATPase activity that was inhibited under both acid and alkaline conditions. In Table 2 . Clone-specific primer pairs and corresponding PCR product length
The PCR primer pairs (sense (S) and antisense (AS)) used for clone-specific amplification of four MHC transcripts. The 5' position of each primer (as numbered in Fig. 1 ) is indicated along with the expected PCR product length for each primer pair. Table 3 . SDS-PAGE analysis of MHC protein isoforms in immuno-identified frog single muscle fibres 
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agreement with previous findings, these small type 3 fibres were always found closely associated with the acid stable tonic fibres within the 'slow' region of the muscle crosssection (Rowlerson & Spurway, 1988) . However, very few pure type 3 fibres were observed, as the expression of type 3 MHC was usually accompanied by expression of type 2 MHC (see below). Each of the four fibre types, defined by their mATPase reactivity, was shown in serial sections to posses a distinct immunohistochemical reactivity to a panel of MHC monoclonal antibodies (Table 1 and Fig. 3 ). Type 1 fibres were identified by positive reactivity to F8 antibody and negative reactivity to NA8 and D5 antibodies. Type 2 fibres were identified as positive for NA8 and negative for F8 and MHC-S antibodies. Type 3 and tonic fibres were characterized by their highly specific positive reactivity to D5 and MHC-S antibodies, respectively. These data support the previous finding using a different set of antibodies that each fibre type identified by mATPase activity has a The cDNA sequence of the four MHC clones is shown, with regions of complete sequence homology between all four transcripts indicated by a box and the stop codons indicated by † † †. The RPM1, RPM2 and RPMT transcripts were cloned using the primer pair FRG1 (continuous underline)-TW2 and RPM3 was cloned using the primer pair EB (dashed underline)-TW2. Additional sequence information of the clones originally obtained with FRG1-TW2 was obtained by RT-PCR using either EB-TW2 (RPM3) or FC1 (dotted underline)-TW2 (RPM1 and RPM2). These clones have been submitted to GenBankÏNCBI with the following accession numbers: RPM1, AF013132; RPM2, AF013133; RPM3, AF013134; and RPMT, AF013135. RPM2  RPM3  RPM1  RPMT  RPM2  RPM3  RPM1  RPMT  RPM2  RPM3  RPM1  RPMT  RPM2  RPM3  RPM1  RPMT  RPM2  RPM3  RPM1 RPMT pDNA In this study, four fibre types (type 1, type 2, type 3 and tonic), initially identified based on their mATPase reactivity, morphology and location within the AT muscle, were each shown to possess unique reactivity to a panel of monoclonal MHC antibodies (Fig. 3) . Using SDS-PAGE, the four immunohistochemically distinct fibre types were shown to consist of two MHC isoforms that run as unique bands (types 2 and 3) and two that comigrate (types 1 and tonic; Figs 4 and 5, and Table 3 ). The combined immunohistochemistry and SDS-PAGE analysis suggests that R. pipiens AT muscle fibre types are composed of four different MHCs. To characterize further the MHC isoforms in these fibre types, four novel MHC mRNA transcripts were cloned from the AT muscle and their expression pattern within single immuno-identified fibres was determined by RT-PCR using specific primer pairs (Figs 2, 4 and 5, and Table 4 ). Each MHC transcript was predominantly expressed in one of the four fibre types and was named based on this expression pattern. The four transcripts, RPM1, RPM2, RPM3 and RPMT, were expressed predominantly in type 1, type 2, type 3 and tonic fibre types, respectively. Thus, it appears that the four MHC transcripts encode four distinct MHC isoforms that define the immunohistochemically distinct fibre types, demonstrating a molecular basis for Rana fibre types. Our results do not preclude the existence of additional MHC isoforms within the hindlimb muscles of adult R. pipiens. At present, only the AT muscle has been studied and it is possible that other muscles may express different MHCs. Other MHCs could also exist within the AT itself. Despite the use of consensus sequence PCR primers, based on sequence homology between known MHCs, our cloning strategy was not designed to be exhaustive. Thus, a more complex pattern of MHC isoform expression and coexpression may exist than was elucidated by our study. An exhaustive search for all possible MHCs may require the use of a protein expression library and a myosin antibody that recognizes all myosins such as was performed recently in chicken muscle (Moore, Arrizubieta, Tidyman, Herman & Bandman, 1992 ). However, it should be noted that the same immunohistochemically defined fibre types were found in many other R. pipiens hindlimb muscles (G. J. Lutz, S. N. Bremner, N. Lajevardi, R. L. Lieber & L. C. Rome, unpublished observations) indicating that the expression of these same isoforms occurs within other muscles. Correlation of MHC transcript with fibre type required detection of each transcript without cross-reactivity of the other transcripts. For this purpose, the experimental approach of single cell RT-PCR offers many advantages over the commonly used in situ hybridization technique (DeNardi et al. 1993) . First, to increase signal strength, in situ hybridization probes are necessarily longer than PCR primers. The extra length makes the in situ probes less specific as they cannot be restricted to the short segments of divergent mRNA sequences (Fig. 1) . Second, it is difficult to distinguish between cross-reactivity of in situ probes and coexpression of multiple MHC transcripts. In contrast, the clone-specific PCR primer pairs used at present are short enough to be highly specific and their cross-reactivity was tested directly on high copy plasmid cDNA from which the clones were obtained (Fig. 2) .
RPMT
Single fibres coexpressed multiple MHCs
Most immuno-identified type 1-2 fibres expressed both RPM1 and RPM2 mRNA and contained both type 1 and type 2 MHC protein isoforms as shown by SDS-PAGE (Figs 4 and 5, and Tables 3 and 4 ). This coexpression was reliably predicted using a combination of the two MHC antibodies, F8 and NA8, which both selectively differentiated between type 1 and type 2 MHCs. In addition, most immuno-identified type 3 fibres expressed both RPM2 and RPM3 transcripts and contained both type 2 and type 3 MHC protein isoforms (Figs 4 and 5, and Tables 3 and 4) . The functional significance of MHC coexpression within normal adult single fibres has not been determined. Previous reports have documented transcript coexpression within single fibres (DeNardi et al. 1993; Peuker & Pette, 1997) , within neighbouring myofibrils of a sarcomere (Gauthier, 1990) or even within a single thick filament (Saad, Pardee & Fischman, 1986) . For example, in adult rat muscle, coexpression in single muscle fibres of type 2A and 2X and type 2B and 2X MHCs was reported in 10% and 20% of the fibres studied, respectively, using in situ hybridization (DeNardi et al. 1993 (Bottinelli et al. 1994; Galler, Schmitt & Pette, 1994) . If coexpression does in fact result in intermediate properties rather than dominant-negative properties, it may have a functional role in providing a muscle with a continuum of mechanical properties. Many studies have documented that mechanical properties of different fibre types vary smoothly between types, rather than falling into discrete units (Edman, Reggiani & Te Kronnie, 1985; Staron & Pette, 1987; Elzinga, Howarth, Rall, Wilson & Woledge, 1989; Bottinelli, Schiaffino & Reggiani, 1991) . However, a clear understanding of the degree to which coexpression of MHC isoforms contributes to a continuum of mechanical properties may be complicated by variability in MLC isoform expression. Interestingly, Edman et al. (1985) demonstrated using immunohistochemistry in Rana temporaria that MHC composition varied along the length of single isolated fibres and was correlated with variations inVmax. The variability in Vmax between adjacent segments of a given fibre was as large as the variability between individual fibres. The functional role of length-dependent variation in MHC isoform content along a single fibre is not currently understood.
Amphibian fibre type nomenclature and mechanical properties Previously, Rowlerson & Spurway (1988) were able to define three twitch fibre types (type 1, type 2 and type 3) and a tonic type in the hindlimb muscle of ranid frogs using a combination of mATPase reactivity and differential reactivity to a panel of MHC monoclonal antibodies. Using the same techniques, these authors found that Xenopus muscle could also be classified into three twitch types and two slow types. The relative mATPase activity of fibre types under acid preincubation conditions in the present study is identical to previous findings for ranid muscle (Rowlerson & Spurway, 1988) . However, these authors found type 1 and type 2 fibres to have similar levels of alkaline stability, in contrast to our finding that type 2 fibres were considerably more alkaline stable than type 1 fibres. This difference may represent species differences, as the previous study was performed on a variety of ranid species without specific attention to variation between individual species. Alternatively, differences in methodology could explain the discrepancy, as the previous authors stated that they had difficulties obtaining a consistent alkaline ATPase pattern (Rowlerson & Spurway, 1988) . Based on the similarity between our results and those of Rowlerson & Spurway (1988) for mATPase reactivity, size and location of the various fibre types, we are likely to be characterizing the same fibre types. Although we used a different antibody set from that used previously, the fact that the four fibre types each had unique reactivity to MHC antibodies in both studies further supports the consistency in fibre type identification. The five different fibre types of Xenopus have been shown to have differences in maximum shortening velocity in the order, type 1 > type 2 > type 3 > type 4 > tonic (L annergren, 1987, 1992) but the MHC isoform content of individual fibres has not been measured directly. Postmechanics analysis of the isomyosin banding patterns on native-PAGE gels and MLC content on SDS-PAGE gels (L annergren & Hoh, 1984; L annergren, 1987) suggests that the five fibre types are composed of five different MHCs. However, MHC isoform content could not be unambiguously determined with this methodology. The mechanical properties of the four fibre types within R. pipiens have not yet been determined but, based on the similarity to Xenopus in mATPase and actomyosin reactivity (Rowlerson & Spurway, 1988) , we expect a similar pattern of functional properties. However, while a clear correlation between MHC content and fibre type has been made in the present study, it remains to be determined whether the mechanical properties correlate with fibre type in the precise order that is intimated by the nomenclature. Our categorization of muscle fibres into four immunohistochemically distinct types ignores the variable expression of other proteins involved in contractile function, such as troponin, MLCs, metabolic proteins and the Ca¥-ATPase within the sarcoplasmic reticulum, many of which exist as isoforms within certain fibre types. Intact muscle fibres contain a complex complement of protein isoforms that probably results in muscle fibres with a continuum of functional properties. Because our study was not designed to be quantitative, fibres were arbitrarily grouped into types, such that discrete divisions were favoured over a continuum of MHC expression. These results do not, therefore, provide a measure of the relative amount of MHC transcript or protein isoform expression or coexpression within a given fibre. This is particularly true for the small type 3 and tonic fibres since the detection of bands was near the limits of sensitivity of the silver stain. However, despite the qualitative nature of the methods, we have no reason to doubt the validity of the correlation between the presence of mRNA transcripts and MHC isoforms of the various fibre types.
Sequence homology and evolutionary relatedness of MHCs
Among the four R. pipiens MHC transcripts, we noted regions of complete sequence identity interspersed with regions that were highly divergent (Fig. 1) . The functional significance of such sequence diversity along the rod portion of MHC is not currently understood (Moore, Tidyman, Arrizubieta & Bandman, 1993) . The rod portion is involved in myofibrillogenesis (McNally, Kraft, Bravo-Zehnder, Taylor & Leinwand, 1989) and myosin filament assembly (Leinwand, Sohn, Frankel, Goodwin & McNally, 1989; Sinard, Stafford & Pollard, 1989) . In this regard it is interesting to speculate that a possible role of the extra insert in the RPMT clone may be to prevent improper filament assembly with other MHCs or simply to minimize the occurrence of heterogeneous filaments during exchange of molecules with a heterogeneous MHC monomer pool (Saad et al. 1986; Saad, Dennis, Tan & Fischman, 1991) . This notion is supported by the lack of coexpression between tonic MHC and any other MHC. The sequence homology within the MHC rod has been previously used to evaluate evolutionary relatedness of avian and mammalian isoforms of MHC. The level of homology between the four R. pipiens clones and those of other species was evaluated by aligning a 488 bp segment within the coding region of each clone (located immediately upstream of the 3' UTR) using clustal analysis ( Fig. 6 ; GeneWorks, Oxford Molecular Group, Campbell, CA, USA). The pattern of homology supports the idea that slow MHC isoforms (e.g. frog tonic, avian slow and avian cardiac) diverged from other MHCs in an ancient split, prior to the amphibian/avianÏmammalian radiation. In contrast, the development of fast MHC isoforms occurred after the amphibianÏavianÏmammalian radiation, since the fast isoforms within a vertebrate class are always more similar to each other than to the fast MHCs of other classes. The evolution of fast MHC genes within the various vertebrate classes thus appears to provide a classic example of parallel evolution, with fish, amphibian, avian and mammalian species each forming their own branch containing a complement of fast isoforms, although different numbers of these isoforms have arisen within different species (Moore et al. 1993 ).
